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ABSTRACT
Nitrogen (N) is a crucial nutrient for proper plant growth and development. Nitrogen
deficiency results in poor tillering and thin, short internode, thus resulting in low cane
tonnage. Therefore, proper N fertilizer management is an essential component of a
sustainable sugarcane production system. This research was conducted at the LSU AgCenter
Sugar Research Station in St. Gabriel, LA, from 2019 to 2020 at three sites (Site 1, 2, and 3).
The treatments consisted of different N rates (0, 45, 90, and 135 kg N ha-1) and sources (ureaammonium-nitrate solution [UAN]-32%, 30-day [Coated Urea 1], 45-day [Coated Urea 2],
60-day [Coated Urea 3]) arranged in a randomized complete block design with four
replications. Soil samples at two depths (0-15 and 15-30 cm) and second top visible dewlap
leaf blade samples were collected from each plot at two (2), four (4), eight (8), and sixteen
(16) weeks after N application and at harvest to determine soil ammonium (NH4+) and nitrate
(NO3-), and N content, respectively. Cane tonnage was determined by harvesting the whole
plot with a chopper harvester and weighing the billets in a wagon equipped with load cells.
Sugar yield was calculated as the product of cane tonnage and theoretical recoverable sugar
(TRS). Unlike the N source, the rate significantly affected cane tonnage, sugar yield, and N
content in stalks and leaves across sites (p<0.001). The optimal N rate to maximize cane
tonnage and sugar yield for Sites 1, 2, and 3 was 45, 45, and 90 kg N ha-1. The increase
attributed to N application was 16 Mg ha-1 for cane tonnage and 2,255 kg ha-1 for sugar yield.
Site 3 achieved the highest cane and sugar yield among the sites. The heavy-textured soil at
Sites 1 and 2 and several heavy rainfall events during the tillering stage might have affected
sugarcane growth and N transformations. The coated urea-treated soil maintained a level of N
about 40 % higher than the UAN-treated plots across sampling dates for Sites 1 and 2. The
findings from this research demonstrated (a) the influence of weather conditions and soil type
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on N transformation and availability, (b) the utility of coated urea as an N source, and (c) that
UAN is an effective N source.
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CHAPTER 1. INTRODUCTION
Sugarcane (Saccharum spp.) is a perennial tropical grass that stores carbohydrates in the
form of sucrose. Sugarcane was first produced in New Guinea and the South Pacific (Verheye,
2010). This plant of the Gramineae family supplies over 75 percent of the world’s sugar
consumption (Huntrods & Koundinya, 2018). The global production in 2019 and 2020 was 166
million Mg. The 22 million Mg increase from 2020 to 2021 reached a total world production of
188 million Mg from Brazil, India, and Thailand, the top sugar-producing countries for both
years (Reed, 2020). In the United States, the total sugarcane production was recorded at 64 and
70 million Mg for 2019 and 2020, respectively, collectively from Florida, Louisiana, and Texas,
with Florida as the top contributor with more than 50% of the total production (Shahbandeh,
2021). Sugarcane production in Louisiana surpassed 13 million Mg in 2019 and 16 million Mg in
2020 and was produced on more than 210,000 hectares, where 2 million Mg was used for seed
(USDA-NASS, 2021). In 2020, sugarcane was cultivated in 24 Louisiana parishes and averaged
88 Mg ha-1 with a sugar recovery of 11.65% or 105 kg of sugar per Mg of cane, producing a total
of 1.93 million Mg sugar (Gravois, 2021). The 2019 season was less productive than 2020,
reaching an average yield of only 74 Mg ha-1 and total production of only 1.51 million Mg sugar
(Deliberto et al., 2020).
Worldwide, sugarcane is propagated vegetatively using plant materials, i.e., whole canes
and billets, which are cut stalks containing one to six buds (Nalawade et al., 2018). Sugarcane is
a perennial crop, and multiple harvests can be achieved from a single planting event. In most
countries, the sugarcane production cycle lasts three to six years, with two to five harvests
(Meyer et al., 2013). The growth period for worldwide production ranges from 10 to 24 months;
however, most plant cane crops are harvested after 12 to 18 months, while ratoon crops are
9

typically harvested after 12 months (Verheye, 2010). Sugarcane has four main growth phases:
germination, tillering, growth, and ripening (Sandhu et al., 2019). This period is highly
influenced by climate, where moisture and heat favor the development of the cane, while dry,
sunny periods and low night temperatures are favorable for ripening and sugar accumulation in
the maturation phase (Verheye, 2010).
In Louisiana, both whole stalks and billets are used as planting materials. According to
Gravois (2014), to compensate for seed cane damage during planting, stalk rot disease, and
winter freeze, three to four stalks are planted side-by-side with at least two mature joints or more
overlapping for each 14 to 18 cm sett. In Louisiana, sugarcane is commonly grown from early
August to mid-September. Buds germinate three to six weeks following planting if adequate soil
temperatures and moisture are available. Freeze and frost events often occur in December
through February and cause the shoots to die back. The buds are dormant until springtime when
soil temperature becomes suitable for growth (Gravois 2014). Sugarcane harvest in Louisiana
begins in September through January (Gravois, 2014).
Sugarcane is Louisiana's most valuable row crop, making it an important industry and
generating an annual revenue of $ 3 billion (Gravois, 2014). Therefore, suitable cane varieties,
proper nutrients, and cultural management practices are needed for sustainable production
(Forestieri, 2017; Gravois et al., 2018). Adequate selection of sugarcane varieties is crucial to
Louisiana sugarcane production, and their diversification is essential for the industry's survival
(Gravois et al., 2018). The 2020 sugarcane variety census reported that L 01-299 was the most
predominant variety grown (59%) in Louisiana, followed by HoCP 96-540 (12%), L 01-283
(10%), HoCP 09-804 (9%), and HoCP 04-838 (3%) (Gravois, 2021).
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Appropriate nutrient management is needed to sustain continuous healthy plant growth
(Simplot, 2011). Plants require 17 nutrients essential for their development (Ruiz, 2013). These
essential nutrients are divided into three categories depending on the amount needed and where
they are derived from. The macronutrients are required in large amounts by plants, while the
micronutrients are required in small quantities. The non-mineral macronutrients are carbon (C),
hydrogen (H), and oxygen which are obtained from water and air (Simplot, 2011). The mineral
or soil-derived macronutrients included nitrogen (N), phosphorus (P), potassium (K), sulfur (S),
calcium (Ca), magnesium (Mg), and the micronutrients consist of boron (B), chlorine (Cl),
copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn) (Mahler,
2004). Out of these nutrients, the N, P, and K are the commonly applied nutrients and are often
the most limiting nutrients in crop production. Thus, for optimal growth and development, plants
should not lack any essential nutrients; however, having more than what plants require can cause
development problems, like reduction of sugar content ins sugarcane (Provin & McFarland,
2019; Lofton & Tubaña, 2014).
The soil type and its properties are essential for proper nutrient management to maintain
healthy crops. Soils are the basis for food production (Nortcliff et al., 2006). Thus, an effective
soil fertility program is the foundation for a profitable farming business (Gravois, 2011). Crops
like sugarcane can obtain enough nutrients from the soil (Provin & McFarland, 2019). However,
some nutrients are gradually depleted by the plants or are leached out of the soil and must be
replenished to maintain optimal growth and development. Thus, proper nutrient management is
needed to resupply the soil with the appropriate nutrients. In Louisiana, the soils are diverse
(Weindorf, 2008). The various soils found throughout the state are derived from sediments left
behind by flooding, owing primarily to Louisiana's numerous rivers (Weindorf, 2008). The
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material from the deposits, known as alluvium, is rich in nutrients because of the high amount of
organic material incorporated into the sediments during deposition (Weindorf, 2015). However,
nutrients can be readily leached out of the root zone, causing poor soil fertility due to Louisiana’s
abundant annual precipitation. Nitrogen is one of the essential nutrients required in substantial
amounts by the plant, which decreases their availability in the soil because of leaching
(Vermoesen et al., 1993). This nutrient is considered one of the limiting factors for continuous
sugarcane production (Yang et al., 2019).
Nitrogen is a critical element for all organisms (Ohyama & Sueyoshi, 2010). It is the
most crucial element for proper plant growth and development. It significantly increases and
improves crop yield and quality with its essential role in plant biochemical and physiological
functions (Leghari et al., 2016). Nitrogen is necessary for building up cell material, plant tissue,
and protein biosynthesis. Protein is made of amino acids involved in catalyzing chemical
responses and the transportation of electrons. Furthermore, N is a component of chlorophyll,
enabling the process of photosynthesis, which is vital for autotroph organisms like plants.
Moreover, it lends a dark-green hue to plants, increases the growth and development of leaves,
stems, and other vegetative components, and stimulates root growth. Nitrogen also stimulates
root growth, facilitates the uptake and utilization of other minerals such as K and P, and governs
overall plant growth. It improves fruit quality, enhances the growth of leafy vegetables, and
raises the protein content of fodder crops (Leghari et al., 2016). Nitrogen exists in the soil in both
inorganic and organic forms; the two forms of N taken up by plants are nitrate (NO3-) and
ammonium (NH4+) (von Wirén et al., 1997).
No other nutrient essential for life takes as many forms as N in the soil, and
transformations between these forms are mediated mainly by microbes (Robertson & Groffman,
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2007). These transformations are mineralization, nitrification, denitrification, and
immobilization, and they control the availability of N to plants (Lamb et al., 2014). Rainfall and
temperature, as well as the environmental conditions such as moisture, soil aeration (oxygen
levels), and salt content (electrical conductivity-EC), influence the rate of N transformation (Soil
Survey Staff, 2014).
Nitrogen mineralization converts organic N to plant-available inorganic forms (Crohn,
2004). Mineralization consists of three steps: aminization, ammonification, and nitrification.
Aminization and ammonification are stages in which proteins, amines, and amino acids (usually
derived from organic matter or humus) are converted to NH4+, an N form used by plants
(McCarty, 1993). This process is a potential indicator of the soil’s response to biological change
(Pandey, 2020). Furthermore, it is often used as an index of N availability. Nitrogen
mineralization releases large amounts of NH4+ and determines the net increase in NH4+ and NO3in soil (Hauer & Lamberti, 2017). Microorganisms conduct this conversion by releasing, or
mineralizing, nutrients as they decompose (Robertson & Groffman, 2007). However, due to the
essentiality of N as a component of all forms of life (Hanrahan & Chan, 2005), N is not always
available to go through mineralization and goes to an inverse process called immobilization.
Nitrogen immobilization is the transformation process where microorganisms assimilate
inorganic N to synthesize proteins and other N-containing organic compounds (Hagemann et al.,
2016). Nitrogen availability to plants is regulated by decomposer microorganisms' balance of N
immobilization and mineralization (Bhattacharya, 2019). If plant residues are high in N,
microbial needs are easily met, and N release, or mineralization, occurs; however, if plant
residues are low in N, microorganisms must scavenge additional N from their surroundings,
taking up or immobilizing N in their biomass (Robertson & Groffman, 2007).
13

After the organic N is transformed into NH4+, another process is needed to transform it
into NO3- (Hauer & Lamberti, 2017). Nitrification is the biological process of oxidation NH4+ to
NO3- (Ahuja et al., 2014). It is an essential transformation in the N cycle because it is the only
natural pathway for NO3- production within a system (Hauer & Lamberti, 2017). Furthermore,
because plants easily assimilate NO3-, it is essential for soil fertility (Ergas & Aponte-Morales,
2014). This process is conducted by several microorganisms, including NH3-oxidizing bacteria,
NH3-oxidizing archaea, and NO3--oxidizing bacteria (Ward, 2008). NO3- accounts for more than
95 percent of the total N uptake; however, other N forms are susceptible to changes (Subba Rao
et al., 2017).
Nitrogen has nine oxidation states, making it challenging to keep it available for the plant
(Follett, 1995). In agriculture, producers use fertilizers to increase N availability in the soil
(Alley & Vanlauwe, 2009). However, about 50 to 70% of the N applied to the ground is lost
(Masclaux-Daubresse et al., 2010). Denitrification, leaching, volatilization, and erosion are the
four main N-loss pathways in agriculture (Vitosh et al., 1995). Denitrification is the microbial
process of converting NO3- and NO2- to gaseous N forms (Skiba, 2008). Furthermore,
denitrification works in response to changes in the oxygen (O2) concentration (Skiba, 2008).
When O2 is scarce, denitrifies switch from aerobic to anaerobic respiration, using NO3- as an
electron acceptor (Skiba, 2008). This process occurs primarily after rainfall or irrigation when
soil pores become water-saturated, and the diffusion of O2 to microsites is considerably slow
(Robertson & Groffman, 2015). Louisiana is a place known for extreme rainfall events, and
because NO3- is highly water-soluble, it is rapidly leached from soils that receive a lot of rain.
Some of the gaseous N forms from denitrification are nitrous oxide (N2O) and nitrogen dioxide
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(NO2) (N2) (Skiba, 2008). Nitrous oxide is a greenhouse gas that causes almost three hundred
times more damage to the ozone layer than carbon dioxide (CO2) (Skiba & Rees, 2014).
All N fertilizer sources that are applied eventually convert entirely to NO3- -N
(Nielsen, 2006). This N form is not tightly bound by soil particles and can be washed
away from the soil profile by heavy rains (Nielsen, 2006). Nitrate is soluble and moves
below the root zone with excess soil water (Berg & Meehan, 2017). The loss of N by the
downward movement of dissolved nutrients in the soil profile with percolating water is
called leaching (Schroth & Sinclair, 2003). Nitrate is a negatively charged ion repelled by
negatively charged clay mineral surfaces in soil. Thus, the NO3- ion's movement through
soil is governed by mass flow, with the moving soil solution and diffusion within the soil
solution (Follett, 1995). The N-source applied in the soil as a fertilizer is essential to
understand how N can be lost within the soil. Fertilizers, such as urea ammonium nitrate
(UAN) solution and ammonium nitrate (NH4NO3), are vulnerable to leaching loss from
the moment they are applied (Nielsen, 2006). However, urea and other NH4+ forming
fertilizers are prone to NH3 loss, mainly when left on the soil after application (Dari et al.,
2019). Volatilization is the loss of N by gaseous form into the atmosphere (Jones et al.,
2013). Ammonia volatilization from urea and NH4-forming fertilizers has accounted for
up to 50% of total N loss in agricultural systems (Dari et al., 2019). Furthermore, N is
also lost by erosion and runoff. Water and wind are two types of erosion; however, water
erosion is the most common and generates a more significant impact (Follett, 1995). The
processes of soil particle detachment, transport, and deposition by raindrops or surface
flow are all examples of water-induced soil erosion (Czapar et al., 2015). In this process,
forms of N like NH4+, NO3-, and organic N are lost. The NO3- remains in the runoff water,
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while the NH4+ is held by the soil particle taken by the water current (Provin & Hossner,
2019). The introduction and loss of large amounts of N into the environment negatively
impact water, terrestrial, and atmospheric resources. That is why proper nutrient
management is needed to improve nitrogen use efficiency (NUE) (Ribaudo et al., 2011).
Large amounts of N fertilizers are required to have good sugarcane production (Thorburn
et al., 2017). Using the correct quantity of N fertilizer can dramatically improve tillering and the
number of millable stalks that subsequently boost sugarcane yield. (Yang et al., 2019). However,
as indicated earlier, N is not an easy nutrient to manage to maintain plant uptake availability. The
low use efficiency of N is a major concern worldwide, posing a challenge to sugarcane
production's long-term viability (Castro et al., 2019). In Louisiana, N fertilization is
accomplished between April 1 and April 30. The fertilization schedule can be refined based on
growth progress such that fertilization is done earlier for the crops in advanced development but
later for less developed crops (Gravois, 2021). Furthermore, fertilizer rates for sugarcane vary
based on the crop's age and soil texture; thus, fertilizer should be administered according to the
proper criteria to prevent excessive runoff and leaching (Gravois et al., 2011).
According to Gravois (2021), the current N recommendations for plant cane on light and
heavy texture soil range from 67-90 and 90-112 kg ha-1, respectively, and for ratoon cane, the
rates range from 90-112 kg ha-1 on light soil and 90 -195 kg ha-1 on heavy soil. These
recommendations are based on field trials where UAN (32% N) was the primary N source and N
response data with commercial varieties at multiple locations and crop age (Gravois, 2021). It is
necessary to avoid excess levels of N. Excess N application can result in N loss to the
environment, negatively influencing ecosystems (Thorburn et al., 2017). Furthermore, higher N
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rates than suggested may result in more Mg of cane per hectare but lower kg of sugar per Mg of
cane (Gravois, 2021).
Sugarcane's NUE can be increased by using better nutrient management practices and
tools like the 4R nutrient stewardship (Castro et al., 2019). The 4R nutrient stewardship is a set
of guidelines developed by the fertilizer industry to guide fertilizer Best Management Practices
(BMP) in all parts of the world (Johnston & Bruulsema, 2014). The guidelines focus on applying
the right source of nutrients, at the right rate, at the right time, and in the right place (Bryla,
2011). This strategy was necessary to address the growing issue that fertilizers are being
administered indiscriminately, causing environmental harm (Johnston & Bruulsema, 2014).
Controlled-release (CRF) and slow-release fertilizers (SRF) are fertilizers that can help
reduce the N loss and increase its availability to the plant in terms of time and quantity.
Controlled-release and SRF are interchangeable terminologies that could be grouped as enhanced
efficiency fertilizers (EEF) (Beig et al., 2020). This type of fertilizer contains a plant nutrient in a
form that delays or extends its availability to the plant significantly longer than a reference
‘rapidly available nutrient fertilizer' such as NH4NO3 or urea (Trenkel, 2010). The microbes
oversee degrading the coating of the EEF, and during this process, available forms of N are being
released (Trenkel, 2010). Thus, these fertilizers are entirely dependent on the soil, climate
conditions, and microbial activity (Liu et al., 2014). According to the source, there are two types
of EEF fertilizers: natural and artificial. Natural EFF includes plant manures, such as green
manure or cover crops, animal manures (cow and poultry), and compost (Shukla et al., 2013).
Furthermore, these must be broken down by microbial activity before the nutrients can be
supplied to crops due to their organic origin; however, organic fertilizers can take a long time to
release nutrients, and they may not be available when the plant requires them (Liu et al., 2014).
17

Artificial EEF is slightly water-soluble, and its bioavailability depends on soil moisture and
temperature (Liu et al., 2014). In addition, artificial EEF includes fertilizers in pelletized,
chemically altered (altered to render a portion of it water-insoluble), and coated forms
(encapsulated in membranes to slow the release of nutrients) (Relf, 1996). The coated forms are
promising EEF fertilizers that use temperature-controlled diffusion to modulate N release to
match plant demand and prevent environmental losses when added to moist soil. Furthermore,
coated fertilizers release nutrients over time at a pace determined mainly by the root zone's
temperature and moisture (Chandra et al., 2019). The effectiveness of these fertilizers is due to
the reduction of water solubility by coating the N-form (urea is the most common N-form used)
with suitable materials that can reduce the pores and are water repellent; this creates an
incomplete breakup of the coated urea resulting in the slow release of N to the soil (Beig et al.,
2020).
The use of EEF s as a nutrient management tool can provide several advantages in
agriculture. While attaining maximum yield, it is possible to reduce fertilizer consumption by 20
to 30 % of the recommended rate of conventional fertilizers (Trenkel, 2010). Furthermore,
fertilizer-related concerns such as leaf burning, water contamination, and eutrophication are
minimized (Liu et al., 2014). Moreover, slow N release can help keep accessible nutrient
concentrations in soil solution lower, lowering runoff and leaching losses (Liu et al., 2014). In
addition, costs of application and labor are reduced (Kwakye, 2018). If available N can be kept
for an extended period, the amount of fertilizer and labor associated with the application can be
reduced, thus reducing costs. The use of EEF s is considered a BMP tool for crop production
because they can minimize fertilizer losses, boost crop nutrient-use efficiency, and safeguard the
environment (Liu et al., 2014).
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Nitrogen is a crucial nutrient for maintaining the sugarcane industry in Louisiana. Due to
the high annual rainfall and high solubility of N-fertilizers, decreasing N losses and maintaining
N availability for the plant promptly has been a challenge to Louisiana sugarcane production.
The need to enhance the NUE compelled us to look for alternative fertilizer sources such as SRF.
Therefore, this study aimed to evaluate and compare slow-release N (coated N sources) to the
common use soluble fertilizer source (UAN) for their effects on cane tonnage, NH4+, and NO3the content of the soil, and sugarcane quality parameters.
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CHAPTER 2. EVALUATE THE EFFECT OF SLOW-RELEASE
NITROGEN FERTILIZER ON SUGARCANE (SACCHARUM SPP.) YIELD
AND QUALITY COMPONENTS
2.1. INTRODUCTION
Sugarcane (Saccharum spp.) is a member of the Poaceae family, derived from
interspecific hybridizations. This crop is one of the most planted crops globally, with nearly one
billion tons harvested yearly (Selman-Housein et al., 2000; USDA, 2020). Brazil, India, and
China are significant producers of sugarcane (Sheth, 2017). In 2020, sugarcane production in the
United States was recorded at 32.74 million Mg ha -1, most coming from Florida and Louisiana
(Shahbandeh, 2021). More than half of this total production was from Florida. In Louisiana, the
sugarcane industry generates more than 3 billion dollars in revenue every year and provides
thousands of jobs (Salassi, 2008). Sugarcane is grown on more than 200,000 hectares in 24
Louisiana parishes (Gravois, 2021). The average yield is 88 Mg ha-1 with a sugar recovery of
11.65 % or 105 kg of sugar per Mg of cane, producing 1.93 million Mg of sugar in 2020
(Gravois, 2021), which is approximately 40 % of the total United States cane sugar production
(Deliberto et al., 2020).
Sugarcane is grown in tropical and subtropical countries, where the temperatures for
optimal development are reached (26-33°C) (Verheye 2010). Temperatures lower than 20°C
slow germinations and cause stunted growth (Bakker, 1999). Sugarcane grows through four
distinct stages: germination, tillering, development, and ripening (Sandhu et al., 2019). In
Louisiana, sugarcane is pa lant propagated from early August to mid-September by vegetative
reproduction. Whole stalks or billets with one or more buds or eyes can be used as planting
material (Bull et al., 2000). Three to four whole stalks are buried side by side with at least two
mature joints or more overlapping to compensate for seedling damage, stalk rot disease, and
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winter freeze (Gravois, 2013). Germination is from November-December; however, the
seedlings stay dormant until springtime (Forestieri, 2017). After regerminating, tillering and
rapid growth start until ripening. Finally, the harvest begins in September and goes through
January (Gravois, 2014). Choosing suitable varieties of cane is essential for the sugarcane
industry. Diversification of sugarcane varieties is vital for the sugarcane industry. In 2019 and
2020, the main varieties grown in Louisiana were: L 01-299 (59%), followed by HoCP 96-540
(12%), and L 01-283 (10%) (Gravois, 2021). Suitable cane varieties, correct nutrition, and
cultural management approaches are required to create sustainable sugarcane production systems
(Lofton & Tubaña, 2014; Gravois et al., 2018).
Nitrogen (N) is an essential nutrient and is considered one of the most important
agricultural crop inputs. This nutrient is required in considerable quantities in sugarcane for
proper growth (Otto et al., 2014). It is a necessary component required for all kinds of life
(Hanrahan & Chan, 2005). Furthermore, N affects leaf expansion, root growth, biomass
production, tiller, and sucker development (Otto et al., 2014; Leite et al., 2020).
A good nutrient management program in sugarcane production encompasses the correct
application time, source, rate, and method (Forestieri, 2017). Substantial amounts of N are
required in intensive agricultural production systems like sugarcane because of high biomass
accumulation (van Heerden et al., 2010). With this high N demand, the N recommendation rate
should minimize environmental impact while retaining agricultural productivity (Lofton &
Tubaña, 2014). Many factors influence the N application rate, such as soil type, crop age,
climate, growing cycle length, and growing season (Lofton & Tubaña, 2014). Nitrogen fertilizer
application rates for sugarcane vary widely worldwide and can be as high as 300 kg ha-1
(Thorburn et al., 2010). In Louisiana, the N rate is based on N response data with commercial
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varieties across crop ages grown on light and heavy textured soils at multiple locations (Gravois,
2021). The N recommendations for plant cane range from 67-90 kg N ha-1 and 90-112 kg N ha-1
for light- and heavy-textured soils (Gravois, 2021). For ratoon cane, the recommendations vary
from 90-112 kg N ha-1 for light-textured soils and 112-135 kg ha-1 for heavy-textured soils
(Gravois, 2021). Furthermore, these recommendations are based on field trials where the urea
ammonium nitrate (UAN, 32% N) solution was the primary N source (Gravois, 2021).
Providing the crops with the right fertilizer is vital for their correct development. Failure
to facilitate the necessary nutrients can have consequences. Nitrogen deficiency leads to
decreased photosynthesis and light interception because of decreased total leaf area, chlorophyll
synthesis, and biomass production (Lofton & Tubaña, 2014). However, over-fertilization can
reduce sugarcane yield while also posing a risk to the environment (Lofton & Tubaña, 2014).
Several studies have shown that over-application of N can adversely affect sugar and cane yield
and quality parameters (Swaminathan, 2015; Boschiero et al., 2020; Achieng et al., 2021).
Swaminathan (2015) reports that excess applications of N can decrease the sugar content of the
cane. The yield increased linearly up to 196 kg ha-1; however, the yield was reduced significantly
beyond that rate. In addition, the results showed that after applying 196 kg N ha 1, the juice
quality declined. The quality of commercial cane sugar is determined by the juice’s nature and
composition, such as Brix values, sucrose content, and purity percentage (Swaminathan, 2015).
Aside from the N rate, optimizing fertilizer application timing is an essential aspect of N
management (Lofton & Tubaña, 2014). Applying N fertilizer outside of the optimal timeframe
can reduce cane tonnage and sugar yield overall; early fertilization reduces cane tonnage, while
later fertilization reduces juice quality (Wiedenfeld, 1995). However, due to N mobility in the
soil, it is necessary to look for technologies that can help us keep N in the soil for extended
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periods. Controlled-release (CRF) and slow-release fertilizers (SRF) can decrease N loss and
boost N availability to plants in terms of time and amount. This type is also called enhanced
efficiency fertilizers (EEF) because they improve the nitrogen use efficiency (NUE) by reducing
N losses (Beig et al., 2020). These EFFs are called coated urea because the common N fertilizer
urea is covered with a water repellent membrane that reduces the pores to reduce the reaction of
water with the fertilizer. This membrane creates an incomplete breakup of the urea, slowing the
N release (Chandra et al., 2019; Beig et al., 2020). By reducing the amount of N release, we
would have a higher availability of N in the soil, which would improve the NUE by increasing N
availability and reducing N loss and fertilizer applications.
The main objective of this study was to compare slow-release N technology to traditional
N fertilizer (UAN) in Louisiana sugarcane production based on cane yield, sugar yield, quality
components of cane (theoretical recoverable sugar -TRS, purity), and N uptake as performance
metrics.

2.2. MATERIALS AND METHODS
Sites Description, Planting Method, Treatment Structure, and Trial Establishment
The study was conducted at the LSU AgCenter Sugar Research Station in St. Gabriel, LA
(Latitude 30°, 15’, 13” N; Longitude 91°, 06’, 05” W) 2019 and 2020 cropping years. The
experiment was established in two fields with different soil properties. The experiment in the
first field was conducted in 2019 (Site 1) and 2020 (Site 2) and consisted of a mixture of a
Commerce silty clay loam soil and a Commerce silt loam with a predominance of the silty clay
soil. The experiment in the second field was conducted in 2020 (Site 3) and consisted of a
mixture of Commerce silt loam and Commerce silty clay loam with a predominance of silt loam
(USDA-NRCS, 2021). The fields were planted using sugarcane variety L 01-299. This variety is
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a cross between L 93-365, the female parent, and LCP 85-384, the male parent (Gravois et
al.,2018). Furthermore, it is the most grown variety in the state because of its superior ratooning
ability, high tonnage, long crop cycle, and resistance to the sugarcane borer (Diatraea
saccharalis) and brown rust (Puccinia melanocephala) (Gravois, 2021).
These trials were planted a few years ago and used to grow seeding materials. Sugarcane
stalks with an average length of between 1.2 and 1.8 m were cut using a whole-stalk harvester
and piled into hauling equipment. On a 1.2-m wide bed with a height of about 0.3 m, whole
stalks were planted. The planting furrows were dug to a depth of about 10 to 15 cm, and three to
four stalks were placed side by side in a horizontal position, with 8 cm overlapping ends. After
planting, furrows were closed and compacted with 6-8 cm deep soil using a custom roller packer
to keep the soil moist during the germination process. The treatments included ten different
combinations of N sources ( urea-ammonium nitrate solution [UAN] - 32% N, Coated Urea 1,
Coated Urea 2) for Sites 1 and 2, and thirteen different combinations of N sources ( ureaammonium nitrate solution [UAN] -32% N, Coated Urea 1, Coated Urea 2, Coated Urea 3) for
Site 3 and three different rates (45, 90, and 134 kg N ha-1 ), including a check plots (untreated)
plot (Table 2.1.). Each treatment was repeated four times and laid out in a randomized complete
block design. Three 14-m long rows with a 1.5-m alleyway made up the experimental units.
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Table 2.1. Description of the treatment structure for Site 1 (2019) and 2 (2020) implemented in
this study at the Sugar Research Station in St. Gabriel, LA.
Trt. No

N Source

N Rate¥

Type

Application method

1
Untreated Control
0
2
45
3
90
UAN (32-0-0)
Liquid
Knife-in (15 cm depth)
4
135
5
Coated Urea 1
45
6
(30 Days Release)
90
Granular
Broadcast/ Incorporated€
7
135
8
Coated Urea 2
45
Granular
9
(45 Days Release)
90
Broadcast/ Incorporated€
10
135
UAN – urea ammonium nitrate
¥ N rates are expressed in kg ha-1
€ The two sides of the beds were off-barred and broadcasted with fertilizer, then the beds were
re-built (lay-by).
Table 2.2. Description of the treatment structure for Site 3 implemented in this study at the Sugar
Research Station in St. Gabriel, LA, 2020.
Trt. No

N Source

N Rate¥

Type

Application method

1
2
3
4
5
6
7
8
9
10
11

Untreated Control

-

-

Liquid

Knife in (15 cm depth)

Granular

Broadcast/ Incorporated€

Granular

Broadcast/ Incorporated€

Coated Urea 3

0
45
90
135
45
90
135
45
90
135
45

(60 Days Release)

90

Granular

Broadcast/ Incorporated€

12

UAN (32-0-0)
Coated Urea 1
(30 Days Release)
Coated Urea 2
(45 Days Release)

13
135
UAN – urea ammonium nitrate
¥ N rates are expressed in kg ha-1
€ The two sides of the beds were off-barred and broadcasted with fertilizer, then the beds were
re-built (lay-by).
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Table 2.3. Agronomic activities accomplished during the three cropping years at the Sugar
Research Station in St. Gabriel, LA, 2019-2020.
Site
1
2
3

Year
2019
2020
2020

Crop age
Third ratoon
Fourth Ratoon
Third Ratoon

N application time
20-May-19
22-May-20
22-May-20

Harvest Date
29-Oct-19
10-Nov-20
12-Nov-20

Cane Yield, Sugar Yield, and Quality Components
Plots were harvested using a single-row chopper harvester (CASE IH Austoft® 8000
series cane harvester). A modified single axle high dump billet wagon with electronic load
sensor cells was used to weigh cut stalks from each plot (Cameco Industries, Thibodaux, LA).
Before plot harvesting, ten stalks were randomly hand-harvested from the middle row of each
plot, cleaned (leaves removed), and the tops chopped between 10 and 12 cm below the apical
meristem. The weight of the ten stalks was determined and added to the plot harvest weight to
establish the total plot cane yield. Average stalk weight was calculated using sampled stalk
weights.
The hand-harvested stalks collected were shredded and examined using a SpectraCane
automated NIR analyzer (Bruker Corporation, Billerica, Massachusetts) to assess quality
components such as sucrose, theoretical recoverable sugar (TRS), Brix (total soluble solids),
purity, and polarity. For each plot, a sub-sample of the shredded stalk was collected and ovendried for at least five days (Despatch LBB series; model number LBB2-18-1) at 60°C. The dry
shredded samples were further processed using a Wiley Mill grinder (Model No. 3, Arthur H.
Thomas CO., and Philadelphia, USA) to pass through a 1-mm sieve. The processed samples
were then analyzed for total N (%) using a C: N analyzer (Elementar Americas Inc, Vario EL
Cube). The total N (%) was used to calculate stalk N uptake. Nitrogen uptake was determined in
kg ha-1 using the following formula:
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N Uptake (kg ha-1) = [(cane yield) - (cane yield * (% moisture/100)] * [% N/100]
Data Analysis
The statistical analysis was performed for all the data collected in each site using SAS 9.4
(SAS Institute Inc., 2012). To determine the effect on cane tonnage, sugar yield, N uptake, and
primary quality components such as TRS, sucrose, Brix, and purity, a two-way (source and rate)
analysis of variance (ANOVA) was performed using the PROC MIXED procedure. Nitrogen
source, rate, and interactions were fixed effects, while replication and interaction with fixed
effects were random effects. Mean separation was done by LSD test and trend analysis (rate) if
the main effects were significant at p<0.05.

2.3. RESULTS AND DISCUSSION
Climatic Conditions
Climate is a primary factor that influences plant development and affects field activities.
Sugarcane is a tropical plant; therefore, light, temperature, and rainfall directly impact cane and
sugar yield. Figures 2.1. and 2.2. show the average monthly temperature and precipitation for the
three cropping sites in 2019 and 2020. The highest temperatures for both years were recorded in
August when the temperatures were above 28 °C (Figure 2.1.). Overall, the temperature range in
both years appeared similar. Regarding rainfall, the highest average monthly precipitation was
recorded in October 2020 (Figure 2.2.). However, similar values were recorded for April and
May, with almost 50 cm of rainfall in two consecutive months. This significant precipitation
could potentially lower the inorganic N content of the topsoil profile due to NO3- leaching,
eventually affecting the cane development.
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Figure 2.1. Average monthly temperature from January to December in 2019 and 2020 at the
Sugar Research Station in St. Gabriel, LA.
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Figure 2.2. Average monthly precipitation from January to December 2019 and 2020 at the
Sugar Research Station in St. Gabriel, LA.
Effect of N Source and N Rate on Cane, Sugar, and Quality Parameters.
The effect of N source, N rate, and their interactions on yield, quality parameters, N stalk,
and N uptake for Site 1 (third ratoon, 2019) is shown in Table 2. 3. There was a significant
source and rate interaction effect for cane yield. Cane yield increased with increasing N rates
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using coated urea and was recorded the highest at the 90 and 135 kg N ha-1 rate, whereas the
highest cane yield for the UAN treatment was observed at the 45 kg N ha-1 rate (Figure 2.4.). The
highest cane yield for Coated Urea 2 was 84.2 Mg ha-1 applied at a 135 kg N ha-1 rate. Moreover,
all the N sources recorded significantly lower cane yields for the untreated check (0 kg N ha-1)
checks than the other N rates (Figure 2.3.).
The main effect, N rate, had a significant impact on sugar yield, stalk N content, and N
uptake (p<0.001). The significant difference was only recorded for the untreated check (no N
added) compared to the N rate treatment (45, 90, and 135 kg of N ha-1). Therefore, the means for
these variables were similar among the three N rates. For cane yield, there was a difference of 13
Mg ha-1 between the check and 45 kg of N ha-1 treatment and 16 Mg ha-1 when compared with
the 135 ha-1 kg of N ha-1. Without N application, sugar yield was reduced by 1200 kg ha-1. The N
stalk had a difference of 4% between the check and the 45 and 135 kg of N ha-1, and over 6% for
the 90 kg of N ha-1. The N uptake had a significant difference of 6% between the check and the
rest of the N rates. Therefore, we can infer that adding N to our cane field will significantly
improve our cane and sugar yield, the N content of the stalks, and the N uptake by the leaves.
Furthermore, the trend analysis indicatedthee ear and quadratic function of cane and sugar yield,
N stalk, and N uptake in response to increasing N rates. There was no significant response
beyond the quadratic component for all these variables.

29

Table 2.4. Means and analysis of variance for the effect of N source and N rate and their
interactions on sugarcane yield, quality parameters, and N uptake, Site 1 at the Sugar Research
Station in St. Gabriel, LA, 2019.
Effect

Source
Coated Urea 1
Coated Urea 2
UAN
p-value
Rate, kg ha-1
0
45
90
135
p-value

Cane yield

Sugar yield

TRS≠

Mg ha-1

kg ha-1

kg Mg-1

74.5
74.9
71.3
NS¤

6301
6079
6095
NS

81.6
80.0
82.3
NS

75.6
75.2
75.8
NS

34.8
33.7
32.3
NS

37.3
36.8
35.7
NS

62.2
75.5
77.4
79.1
-

5229 B
6423 A±
6432 A
6548 A
<0.001

81.2
82.0
80.2
82.0
NS

75.5
75.7
75.1
75.9
NS

29.6 B
33.8 A±
37.1 A
33.9 A
0.005

31.2 B
37.8 A±
38.8 A
38.6 A
<0.001

Purity

N stalk

N Uptake
kg ha-1

%

Linear
NS
NS
<0.0001
0.0133
<0.0001
Quadratic
NS
NS
0.0124
0.011
0.0008
Cubic
NS
NS
NS
NS
NS
Source*N
Rate
p-value
NS
NS
NS
NS
NS
0.03
UAN: urea-ammonium nitrate
≠ TRS: theoretically recoverable sugar
¤ NS indicates no significant differences at the p=0.05 level of significance based on the
LSD test.
± Mean levels within the same column followed by the same letter indicate no
significant differences between the treatment means according to the LSD test.
100
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A ABC
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Coated Urea 2
UAN
Figure 2.3. Means and analysis of variance for the interaction of N sources and rates on cane
yield for Site 1, Sugar Research Station in St. Gabriel, 2019.
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The effect of N source, N rate, and their interactions on yield, quality parameters, N stalk,
and N uptake for Site 2 (fourth ratoon, 2020) is shown in Table 2.5. Like Site 1 (Table 2.4.), the
N sources did not significantly affect sugar and cane yield, quality parameters, stalk N content,
and N uptake. However, there was a significant effect of the N rates on cane yield, sugar yield,
and N uptake. The significant difference in cane yield was mainly between the check and Nfertilized sugarcane. There was a difference of > 22 Mg ha-1 between the untreated check and the
sugarcane, which received N (45, 90, and 135 kg N ha-1). However, there was no difference
between N rates. A difference of over 2500 kg ha-1 was recorded for sugar yield between the Nfertilized and untreated check plots. There was a difference of over 10% for N uptake between
the check and the rest of the N rates. Additionally, N rates had a linear and quadratic effect on
cane and sugar yield and N uptake. No significant variation in the cubic function was identified
for any of the examined parameters.
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Table 2.5. Means and analysis of variance for the effect of N source and N rate and their
interactions on sugarcane yield, quality parameters, and N uptake, Site 2 at the Sugar Research
Station in St. Gabriel, LA, 2020.
Effect
Source
Coated Urea 1
Coated Urea 2
UAN
p-value
Rate, kg ha-1
0
45
90
135
p-value

Cane yield

Sugar yield

TRS≠

Mg ha-1

kg ha-1

kg Mg-1

72.7
72.6
75.8
NS¤

7957
7695
8308
NS

109.3
105.6
109.4
NS

82.0
81.2
82.0
NS

32.9
35.0
32.7
NS

36.3
36.2
37.8
NS

56.1 B
79.0 A±
81.1 A
78.8 A
<0.001

6022 B
8597 A ±
8780 A
8548 A
<.0001

107.2
108.7
108.2
108.4
NS

81.6
81.7
81.8
81.8
NS

32.6
31.5
33.9
36.2
NS

28 B
39.4 A±
40.4 A
39.3 A
<0.001

Purity

N stalk

N Uptake
kg ha-1

%

Linear
<0.0001
<0.0001
NS
NS
NS
<0.0001
Quadratic
<0.0001
NS
NS
NS
0.0002
<0.0001
Cubic
NS
NS
NS
NS
NS
NS
Source*N Rate
p-value
NS
NS
NS
NS
NS
NS
UAN: urea-ammonium nitrate
≠ TRS: theoretically recoverable sugar
¤ NS indicates no significant differences at the p=0.05 level of significance based on the LSD
test.
± Mean levels within the same column followed by the same letter indicate no significant
differences between the treatment means according to the LSD test.
Table 2.6. shows the impact of N source, N rate, and their interactions on yield, quality
parameters, N stalk, and N uptake at Site 3 (third ratoon, 2020). The N source did not
significantly affect any of the parameters. However, the N rate significantly impacted cane yield,
sugar yield, and N uptake. For cane yield, the highest cane yield was 93.6 Mg ha-1 achieved from
applying 135 kg N ha-1, followed by a cane yield of 96 Mg ha-1 achieved from 90 kg N ha-1.
There was no significant difference between cane yield at 90 and 135 kg ha-1 N rates. Cane yield
from the plots treated with 45 kg N ha-1 was significantly reduced. Moreover, a significant
reduction in cane yield was recorded between the untreated check and the 45 kg N ha-1 treatment.
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The 135 kg ha-1 N rate (10,990 kg ha-1) is the highest, followed by the 90 kg ha-1 N rate (10,937
kg ha-1). However, there was no significant difference between these two N rates. There were
significant differences in N uptake of sugarcane treated with 90 and 135 kg N ha-1 rates against
the 45 kg N ha-1 and an untreated check. Furthermore, there was a significant difference between
the 45 of N ha-1 and the check plot. No difference was recorded for the two higher rates. The
differences between the 90 and 135 kg of N ha-1 rates with the 45 kg of N ha-1 and check plots
were approximately 6 and 14%, respectively, for the N rates. Furthermore, the N rate effect on
cane and sugar yield and N uptake was linear and quadratic. The cubic component for these
parameters was not significant.
Table 2.6. Means and analysis of variance for the effect of N source and N rate and their
interactions on sugarcane yield, quality parameters, and N uptake, Site 3 at the Sugar Research
Station in St. Gabriel, LA, 2020.
Effect
Source
Coated Urea 1
Coated Urea 2
Coated Urea 3
UAN
p-value
Rate, kg ha-1
0
45
90
135
p-value
Linear
Quadratic
Cubic
Source*N
Rate

Cane tonnage

Sugar yield

TRS≠

Mg ha-1

kg ha-1

kg Mg-1

82.6
84.7
84.5
84.7
NS¤

9576
9773
9606
9774
NS

117.8
116.9
115.3
116.8
NS

83.3
83.2
82.8
83.3
NS

23.8
24.6
27.6
24.9
NS

41.2
42.3
42.2
42.3
NS

65.3 C
81.6 B
93.6 A
96.0 A
<0.001

7437 C
9364 B
10937 A
10990 A
<0.0001

116.1
116.5
118.3
116
NS

83.1
83.1
83.5
83
NS

24.2
23.2
24.4
29.1
NS

32.6 C
40.7 B
46.7 A
47.9 A
<0.0001

<0.0001
<0.0001
NS

<0.0001
0.0002
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

<0.0001
<0.0001
NS

NS

NS

NS

NS

NS
NS
UAN: urea-ammonium nitrate
≠ TRS: theoretically recoverable sugar
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Purity

N stalk

N Uptake
kg ha-1

%

¤ NS indicates no significant differences at the p=0.05 level of significance based on
the LSD test.
± Mean levels within the same column followed by the same letter indicate no
significant differences between the treatment means according to the LSD test.

Table 2.6. shows each N source's optimal application N rate to achieve the maximum
cane and sugar yield across the sites. For Site 1, the optimal rate for UAN achieving 79 Mg ha-1
of cane and 6,862kg ha-1 was 45 kg N ha-1. For Coated Urea 1, 82.6 Mg ha-1 cane yield and 7115
kg ha-1 were attained with 90 kg N ha-1. The 135 kg N ha-1 rate was needed using Coated Urea 2
to maximize the cane (84.2 Mg ha-1) and sugar (6356 kg ha-1) yield.
For Site 2, the optimal rate for UAN was 45 kg of N ha-1, achieving 85 Mg ha-1 and 9322
kg ha-1 of cane and sugar yield, respectively. The cane and sugar yield for Coated Urea 1 was
maximized at 90 kg N ha-1, achieving 82.7 Mg ha-1 and 9065 kg ha-1, respectively. For Coated
Urea 2, the cane yield recorded was 80.4 Mg ha-1 and 8462 kg ha-1 for sugar yield from the plots
treated with 90 kg N ha-1.
For Site 3, all the N sources maximized cane and sugar yield with a 90 kg N ha-1 rate; the
cane yields for UAN, Coated Urea 1, 2, and 3 were 94.7, 91.3, 90.9, and 92.87 Mg ha-1,
respectively. Furthermore, the sugar yields for UAN, Coated Urea 1, 2, and 3 were 11318,
10813, 10746, and 10872 kg ha-1, respectively.
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Table 2.7. Nitrogen source and optimal N rate to achieve the maximum cane and sugar yield for
Site 1, 2, and 3, Sugar Research Station in St. Gabriel, 2019-2020.
Site

Source

Optimal N Rate
kg ha-1

UAN
Coated Urea 1
Coated Urea 2

45
90
135

2

UAN
Coated Urea 1
Coated Urea 2

45
135
90

85.0
82.6
80.4

9322
9065
8462

3

UAN
Coated Urea 1
Coated Urea 2
Coated Urea 3

90
90
90
90

94.7
91.3
90.9
92.8

11318
10812
10746
10872

1

Maximum Yield
Cane
Sugar
Mg ha-1
kg ha-1
79.0
6862
82.6
7115
84.2
6356

Nitrogen sources did not significantly affect any of the parameters evaluated in this study.
However, the N rate significantly affected the cane yield and sugar yield for all the sites.
Forestieri (2017) recorded similar results where the N source had no significant effect on these
parameters and that only the N rate significantly impacted the cane and sugar yield. Samuels et
al. (2019) conducted an early study that showed that N application did not affect sugarcane
quality parameters. Cane and sugar yield for Site 1 (Table 2.4.) and 2 (Table 2.5.) only showed a
significant difference between the untreated check plots (0 N added) and N-fertilized plots
regardless of rates (45, 90, and 135 kg N ha-1). There were no significant differences detected
between rates. For Site 3, there was a significant difference between the untreated check (0 kg N
ha-1), the 45 kg N ha-1, and the 90 and 135 kg N ha-1. Adding N to sugarcane production boosts
the cane and sugar yield because more N would be available for plant uptake. Site 1 had a
difference of over 13 Mg ha-1 on cane yield and 1200 kg ha-1 of sugar yield between the untreated
check and the 45, 90, and 135 kg N ha-1 rates. Site 2 had a difference of over 22 Mg ha-1 on cane
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yield and 2575 kg ha-1 of sugar yield between the untreated check and the different N rates.
Moreover, the difference in cane yield for Site 3 was 16.3 Mg ha-1 between the untreated check
and the lowest N rate (45 kg N ha-1) and over 11.4 Mg ha-1 between the lowest rate and the two
higher N rates (90 and 135 kg N ha-1). For the sugar yield of Site 3, the difference between the
untreated check and the lowest N rate was 1928 kg ha-1 of sugar and over 1572 kg ha-1 of sugar
between the lowest rate and the two higher N rates. Furthermore, the difference between not
applying N and applying the correct amount was over 28 Mg ha-1 and 3500 kg ha-1 of cane yield
and sugar yield, respectively. There was a clear impact of N fertilization, although there was no
significant effect observed between rates in most cases. According to Koochekzad et al. (2009)
and Lofton & Tubaña (2014), N is required for several metabolic activities, particularly crop
growth, such as tillering. Therefore, a proper N rate is necessary to improve cane, sugar yield,
quality parameters, and N uptake.
According to Castro et al. (2019), proper nutrient management needs to include optimal
time, source, rate, and application method. The current N recommendation rates in Louisiana for
plant cane on light and heavy textured soils range from 67-90 and 90-112 kg N per ha-1,
respectively, and for ratoon cane, the rates range from 90-112 kg N per ha-1 on light-textured
soils and 90 -195 kg of N per ha-1 on heavy textured soils (Gravois, 2021). As reported in Table
2.6., the N rate needed to achieve the optimum yield was lower than Louisiana N
recommendations.
The N rates that maximized the cane and sugar yield were 45, 45, and 90 kg N ha-1 for
Sites 1, 2, and 3, respectively, using UAN as their N source. This is like Lofton et al. (2013),
which showed that the N rate needed to achieve the optimum yield was lower than Louisiana N
recommendations. An increase in rate from 90 to 135 kg N ha-1 did not significantly increase
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cane and sugar yield for any sites. Thorburn et al. (2001) and Weidenfeld (2000) conducted
similar studies and obtained similar results as this study. Gopalasundaram et al. (2011) noted that
enough N fertilizer could significantly improve tillering, resulting in an early population with a
high yield, boosting output. Thus, it is necessary to apply the right amount of N. According to
Bell (2014), poor growth, such as narrow leaves, weak stems, and short internodes, would result
from an insufficient supply of N fertilizer to sugarcane thus affecting the cane and sugar yield.
Sugar yield is the product of cane tonnage and TRS. Therefore, low N input will result in a low
stalk population, which reduces cane tonnage, subsequently affecting sugar yield. Nitrogen
deficiency reduces light interception and photosynthesis due to reduced leaf area, chlorophyll
synthesis, and biomass production (Lofton & Tubaña, 2014). According to Thorburn et al.
(2005), van Heerden et al. (2010), and Lofton & Tubaña (2014), intensive agricultural
production systems, such as sugarcane, accumulate a large quantity of biomass, require higher N
rates. However, these recommended rates should reduce the environmental impact while
maintaining sustainable production. Sainju et al. (2020) stated that an excessive application of N
fertilizers could result in soil degradation, water pollution, and decreased air quality.
Furthermore, Lofton & Tubaña (2014) stated that an excessive application of N can decrease
sucrose concentration, juice purity, and sugar yield. Moreover, an over-application would
increase the cost of operations and reduce the NUE.
The cane and sugar yield at Site 1 was lower than at Sites 2 and 3. One of the possible
explanations was the difference in the weather conditions and the soil type. These might have a
negative impact on the cane and sugar yield at Site 1. Sites 1 and 2 were in the same area but in
different cropping years, i.e., Site 1 in 2019 and Site 2 in 2020. In 2019, a high rainfall was
recorded for April and May (about 50 cm of water) (Figure 2.1). The N application for the study
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was made in late May when the soil was mainly saturated due to continuous rain. According to
Masclaux-Daubresse et al. (2010) and von Wirén et al. (1997), precipitation, temperature, wind,
soil type, pH, and soil N availability vary dramatically over time and place. Furthermore, the
appropriate N application rate is dependent on a variety of elements, including soil type, crop
age, plant and soil characteristics, climate, growing cycle length, and growing season duration,
according to several publications (Wiedenfeld, 1995; Wood et al., 1996; Legendre et al., 2000,
Lofton & Tubaña, 2014). Gravois (2019) reported that the above-average rainfall in Louisiana
during the 2018-sugarcane harvest resulted in rutted fields and significantly affected the 2019
sugarcane yield. Furthermore, temperatures in the spring of 2019 were lower than average, and
the grand growth stage season rainfall was above average (Figure 2.2). Site 2 showed better cane
and sugar yield results than Site 1, with about 5 Mg ha-1 and over 2000 kg ha-1 of sugar,
respectively (Table 2.4. and 2.5.). This difference can be explained because summer growth was
excellent in 2020, and the planting season began in late July because of the favorable growing
conditions (Gravois, 2021). However, sugarcane lodged due to strong wind and saturated soil
from several storms and hurricanes, especially during October 2020 (Figure 2.2). We can infer
that the difference between Site 1 and Site 2 in cane and sugar yield was because of the different
weather conditions between 2019 and 2020.
Soil type is another factor affecting the N transformation and availability for the plant,
subsequently affecting yield. Sites 1 and 2 were established in predominantly a Commerce silty
clay loam soil, with a lower percentage of Commerce silt loam soil. Site 3 was conducted in a
different area with a lighter texture (63.1 percent of Commerce silt loam and 36.9 percent of
Commerce silty clay loam). Site 3 recorded a 10 Mg ha-1 higher cane tonnage than Sites 1 and 2
(Table 2.4. and 2.5.). Furthermore, the sugar yield difference between Sites 3 and 1 was about
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4000 kg ha-1 and almost 2000 kg ha-1 between Site 3 and 2 (Table 2.4., 2.5., and 2.6.). The
differences in environmental conditions and soil textures could explain the varying cane and
sugar yield levels between the sites. Kwakye (2018) demonstrated similar results wherein sugar
and cane yield levels differed in soils with different soil textures. Soil texture affects water
movement, nutrient availability in the soil, and nutrient holding capacity (Upadhyay &
Raghubanshi, 2020). Soil texture also influences its workability such that heavy textured soil
may limit crop establishment and root growth, affecting soil productivity and obtaining lower
cane and sugar yield. Shredded stalk samples were taken to determine the N content and compute
for N stalk uptake per hectare. Only the N rate significantly affected the stalk N uptake across the
sites. Sites 2 and 3 only reported an effect on N uptake by leaves. The significant difference in
Sites 1 and 2 was only recorded between the check plots and the rest of the N rates (45, 90, and
135 kg N ha-1). Site 3 showed a significant difference between the check plots and the 45 kg N
ha-1 and 45 kg N ha-1 rates with the 90 and 135 kg N ha-1 rates.
The N uptake between the sites was different. As in cane tonnage and sugar yield, the
weather conditions and soil type also affected the N uptake. According to Leghari et al. (2016),
the climate and soil conditions play an essential role in plant N uptake and utilization. Due to the
heavy rainfall in April and May in 2019 and the heavy texture of the soil, Sites 1 and 2 recorded
lower stalk N uptake than Site 3. Moisture is necessary for N uptake and to facilitate different N
transformations. However, an excess of moisture increases the N loss and reduces N uptake
(Leghari et al., 2016). Site 3 had >9 % and >6 % stalk N content than Site 1 and 2, respectively.
While the weather condition in 2020 was favorable for sugarcane growth at Site 2 and Site 3, the
difference in soil type perhaps, affected the N uptake between these two sites. Site 2, like Site 1,
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was established on heavier textured soil with poor drainage. These conditions deplete oxygen in
the soil, thus reducing root growth and N uptake (Leghari et al., 2016).

2.4. CONCLUSION
Nitrogen rate significantly affected cane yield, sugar yield, and stalk N uptake. The
significant differences were primarily obtained between the check (0 kg N ha-1) and all the N
rates, i.e., 45, 90, and 135 kg N ha-1 for each site. Site 3 recorded a significant difference
between the check, the 45 kg N ha-1 and the two higher rates (90 and 135 kg N ha-1). Overall,
Site 3 had a higher cane and sugar yield than Sites 1 and 2. The differences in measured
parameters between the sites were due to the weather conditions in 2019 and 2020 (Site 1 vs.
Sites 2 and 3) and soil texture (Site 3 vs. Sites 1 and 2).
The nitrogen source had no impact on any of the parameters measured in Sites 2 and 3.
However, at Site 1, the N source x rate interaction effect was significant for cane yield,
indicating that a lesser amount of N (45 kg ha-1) was needed to maximize yield using UAN as a
source compared to Coated Urea 1 and 2 (90 kg ha-1). The findings from this study demonstrate
that the N rate had a more significant impact on sugarcane production and quality components
than the N source. The coated-urea fertilizers did not show a significant yield advantage
compared to UAN. Thus, UAN remains a good N source for sugarcane production systems in
Louisiana. Given the little information on the use of EFF in Louisiana sugarcane production, this
study may serve as a resource for future EFF research. It is also recommended that future studies
focus on the release pattern of EFFs on different soil types and sugarcane growing stages.
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CHAPTER 3. MONITOR THE SOIL AMMONIUM (NH4+) AND NITRATE
(NO3-), AND PLANT N IN RESPONSE TO THE APPLICATION OF
DIFFERENT N SOURCES AND RATES
3.1. INTRODUCTION
Sugarcane is a large tropical perennial grass in the Andropogoneae tribe of the
Gramineae family and the genus Saccharum (Godshall & Legendre, 2003). Modern sugarcane
cultivars are primarily the result of interspecific hybridizations between Saccharum species
(Selman-Housein et al., 2000; OECD, 2016). This is a crucial crop ranking among the ten most
planted crops globally, with almost one billion tons produced each year (Selman-Housein et al.,
2000; Godshall & Legendre, 2003). In the United States, sugarcane production is concentrated in
Florida, Louisiana, and Texas. In Louisiana, sugarcane is considered the most valuable row crop,
with an estimated annual total impact of almost two billion dollars.
Sugarcane is primarily grown in tropical and subtropical climates (Smith et al., 2008).
Plants are propagated from stalks and are cultivated for several ratooning cycles. New shoots
emerge from the ratoons after harvest (Pierre et al., 2014). Planting is initiated in early August
and finishes in mid-September. Early August plantings have shown advantages, producing
higher yields than September and October plantings (Gravois et al., 2014).
Nitrogen (N) is one of the essential nutrients needed in substantial amounts by the plant
(Vermoesen et al., 1993). This nutrient is one of the most limiting factors in sugarcane and most
crop production systems (Yang et al., 2019). Nitrogen is a necessary component of all living
things (Hanrahan & Chan, 2005). All amino acids and nucleotides contain N; thus, all proteins
and nucleic acids (Howarth, 2009). These are necessary for the building up of cell material and
plant tissue in sugarcane; sufficient N fertilizer can significantly improve tillering, resulting in a
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good early population stand and consequently increasing yield (Gopalasundaram et al., 2011).
However, an insufficient N application would decrease light interception and reduce
photosynthesis, chlorophyll synthesis, and biomass production (Lofton & Tubaña, 2014).
Furthermore, the excessive use of N fertilizers can negatively affect agriculture and the
environment (Elhanafi et al., 2019). For sugarcane, excess N fertilizer can reduce the sugarcane
yield, and decrease sugar content and juice purity (Lofton & Tubaña, 2014). This does not
eliminate the fact that sugarcane is an intensive agricultural crop that accumulates considerable
amounts of biomass, thus, has a high N removal rate (Thorburn et al., 2017). Therefore, the N
recommendation rates should minimize environmental impact while maintaining productive
agronomic outputs (Lofton & Tubaña, 2014). In Louisiana, the recommendations were
established from N response trials using commercial varieties, refined based on soil texture and
crop age using urea-ammonium nitrate (UAN 32% N) as the N source. The N recommendations
for plant cane range from 67-90 kg N ha-1 and 90-112 kg N ha-1 for light- and heavy-textured
soils (Gravois, 2021).
Nitrate (NO3-) and ammonium (NH4+) are the two forms of N taken up by plants (von
Wirén et al., 1997). Nitrate is the dominant form of N in most aerated soils, whereas NH4+ can be
prevalent in acidic and anaerobic environments (Hachiya & Sakakibara, 2016). Nitrate is
considered the primary source of N for many plants due to its mobility; however, sugarcane
strongly prefers NH4+ over NO3- (Robinson et al., 2011).
Nitrogen exists in the soil in nine different chemical forms, corresponding to another
oxidative state (Robertson & Groffman, 2014). These chemical forms are products of varying N
transformations (mineralization, immobilization, nitrification, and denitrification). Nitrogen
mineralization is the conversion of organic-N to inorganic forms. Nitrogen immobilization is the
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uptake or assimilation of inorganic N forms by microbes and other soil organisms. Nitrification
is the conversion of NH4+ to nitrite (NO2-) and then NO3-. Denitrification is the conversion of
NO3- to nitrous oxide (N2O) and dinitrogen gas (N2) (Robertson & Groffman, 2014). However, N
must first be transformed to NH4+ or NO3-, naturally or artificially, before plants use them (Dorn,
2015).
While N transformations are necessary to make N available for the plants, some of these
transformations also lead to N losses. According to Vermoesen et al. (1993), the most important
N loss processes in an agricultural ecosystem are denitrification, nitrification, volatilization (the
process by which ammonia (NH3) is lost into the atmosphere), leaching (the movement of N
through the soil profile outside the root zones) and erosion. In agriculture, the nitrogen use
efficiency (NUE) is very low. About 50 to 70% of the total N fertilizer applied to the soil is lost
(Masclaux-Daubresse et al., 2010). Louisiana's most common fertilizer used for sugarcane
production is UAN solution and ammonium nitrate (NH4NO3). However, these N fertilizers are
very vulnerable to leaching (Nielsen, 2006). Furthermore, urea and other fertilizers containing
NH4+ tend to form NH3, accounting for 50% of the total N loss in agricultural systems (Dari et
al., 2019). Proper N management is necessary to maintain sustainable sugarcane production and
increase the NUE in Louisiana. Furthermore, it is crucial to determine the relationship between
the optimum N rate and critical application timing and the changes in the optimum N rate about
alternative N timings, allowing technologies that can help manage N in sugarcane production
(Lofton & Tubaña, 2014). Slow-release (SRF) and controlled-release fertilizers (CRF) are
technologies that have shown potential to help manage N in sugarcane production (Bhanuvally et
al., 2017).
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The SRF and CRF are classified as enhanced efficiency fertilizers (EEF). This type of
fertilizer can reduce the amount of N lost, increase the NUE, and improve N availability for the
plant (Beig et al., 2020). The EEF can be divided into two types depending on the source: natural
(livestock, compost) and artificial (chemically altered and coated forms) (Shukla et al., 2013; Liu
et al., 2014). The coated N forms are fertilizers encapsulated in membranes to slow the release of
nutrients (Relf, 1996).
The EEF contains rapidly available N fertilizers like NH4NO3 or urea and delays or
extends its availability by applying various coatings to regulate the release of N (Trenkel, 2010).
These coatings are made of suitable materials that reduce the porosity and are water repellent,
creating an incomplete breaking up of the membranes resulting in a slower release of N (Beig et
al., 2020). The coated covering can also be broken down by microbial activity. Thus, weather
and soil health play an essential role in the rate of N release from EEF (Trenkel, 2010; Liu et al.,
2014). Moreover, the use of EFF can reduce the cost of fertilizer application by 20-30% arising
from the reduction in the amount of fertilizers applied and the number of applications (Trenkel,
2010; Kwakye, 2018).
The main objective of this study was to monitor the changes in soil NH4+ and NO3-, and
sugarcane leaf N at pre-determined intervals from the time of fertilization using different N
sources (coated urea and UAN) and N rates (0, 45, 90 and 135 kg ha-1) in Louisiana sugarcane
production.
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3.2. MATERIALS AND METHODS
Site Description, Planting Method, Treatment Structure, and Trial Establishment
A study was established at the LSU AgCenter Sugar Research Station in St. Gabriel, LA
(Latitude 30°, 15’, 13” N; Longitude 91°, 06’, 05” W) from May 2019 to December 2020. Data
was collected from three site years: Site 1 (2019) and Site 2 (2020) on a field with 47%
Commerce silt loam and 54% Commerce silty clay loam (USDA-NRCS, 2021), and Site 3
(2020) on a field with 63% Commerce silt loam and 37% Commerce silty clay loam (USDANRCS, 2021).
Table 3.1. Description of the treatment structure for Site 1 (2019) and 2 (2020) implemented in
this study at the Sugar Research Station in St. Gabriel, LA.
Trt. No

N Source

N Rate¥

Type

Application method

1
Untreated Control
0
2
45
3
90
UAN (32-0-0)
Liquid
Knife-in (15 cm depth)
4
135
5
Coated Urea 1
45
6
(30 Days Release)
90
Granular
Broadcast/ Incorporated€
7
135
8
Coated Urea 2
45
Granular
9
(45 Days Release)
90
Broadcast/ Incorporated€
10
135
UAN – urea ammonium nitrate
¥ N rates are expressed in kg ha-1
€ The two sides of the beds were off-barred and broadcasted with fertilizer, then the beds were
re-built (lay-by).
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Table 3.2. Description of the treatment structure for Site 3 implemented in this study at the Sugar
Research Station in St. Gabriel, LA, 2020.
Trt. No

N Source

N Rate¥

Type

Application method

1
2
3
4
5
6
7
8
9
10
11

Untreated Control

-

-

Liquid

Knife-in (15 cm depth)

Granular

Broadcast/ Incorporated€

Granular

Broadcast/ Incorporated€

Coated Urea 3

0
45
90
135
45
90
135
45
90
135
45

(60 Days Release)

90

Granular

Broadcast/ Incorporated€

UAN (32-0-0)
Coated Urea 1
(30 Days Release)
Coated Urea 2
(45 Days Release)

12

13
135
UAN – urea ammonium nitrate
¥ N rates are expressed in kg ha-1
€ The two sides of the beds were off-barred and broadcasted with fertilizer, then the beds were
re-built (lay-by).
Table 3.3. Agronomic activities accomplished during the three cropping years at the Sugar
Research Station in St. Gabriel, LA, 2019-2020.
Site

Year

Crop age

N application time

1

2019

Third ratoon

20-May-19

2

2020

Fourth Ratoon

22-May-20

3

2020

Third Ratoon

22-May-20

Soil and Leaf Sampling
In 2019 and 2020, soil and leaf samples were collected at two, four, eight, and sixteen
weeks after N (WAN) application and after harvest (hereafter termed as week 2, week 4, week 8,
week 16, and harvest, respectively) across the sites. Due to rain interference, sampling at week
16 was not accomplished in 2020 for Sites 2 and 3. Sixteen soil cores from each plot were
collected using a standard soil probe and thoroughly mixed before being placed in labeled paper
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bags. Soil samples were then oven-dried at 60°C for about three days in a Despatch LBB series
(model number LBB2-18-1) oven, processed in a Humboldt electric flail soil grinder sieved
through a built-in 2 mm sieve for NH4+ and NO3- analysis. For leaf sampling, sixteen to 20 leaf
samples per plot were taken from the 2nd top visible dewlap. Leaf tissue samples were ovendried at 60oC, processed, and passed through a 2 mm sieve for total N content analysis.
Soil Analysis
The inorganic N contents were determined by standard extraction of NH4+ and NO3- using
1M KCl. Five grams of dried soil was placed into a 125 ml plastic bottle, and 35 ml of the 1M
KCl solution was added using a dispensing bottle. The soil samples were shaken at high speed
for 1 hour on a reciprocal shaker and then filtered using a Whatman No. 42 filter paper into a 50
ml plastic tube. A spectrophotometric measurement employed an automated flow injection
system (Lachat QuickChem 8500 series 2) to determine the N content in NH4+ and NO3-.
Exchangeable NH4+ was analyzed for ammonia by the salicylate method. A blue-green color is
produced when NH4+ in the sample is heated with salicylate and hypochlorite in an alkaline
phosphate buffer environment. The color is intensified by adding sodium nitroprusside, which is
colorimetrically measured at 660 nm. Nitrate in the soil extract was determined using the Keeney
and Nelson method (1982). While passing through a copper cadmium reduction column, NO3- is
transformed to nitrite, subsequently combined with the coloring reagent sulfanilamide. Under
acidic conditions, this reaction can create a reddish-pink color that can be measured
colorimetrically at 520 nm.
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Leaf Tissue Analysis
The total N content of the leaves was determined based on the dry combustion method
using the Elementar CN analyzer (Elementar Americas Inc, Vario El cube). Using the analytical
micro-balance and forceps, 50 mg of the dried and ground sample were weighed into a tin foil
capsule and then introduced into the CN analyzer. Inside, the plant tissue is converted into
gaseous components by flash combustion. To determine the N and C (carbon), the bulk material
is converted into N2 and CO2 first, then N and CO2 are separated by a chromatographic column
held at an isothermal temperature.
Data Analysis
Two-way analysis of variance (ANOVA) using GraphPad 9.3.1 was performed to
evaluate the effect of N sources, N rate, and their interaction on the concentration of the soil
NH4+ and NO3- and the leaf N content over time. Excel software was used to generate the graphs
and compute for means and standard error of the variables for each treatment across sampling
dates. The tables and figures were made comparing the different N sources and rates and their
interaction on soil NH4+ and NO3- and leaf N content over weeks 2, 4, 8, 16, and at harvest.

3.3. RESULTS AND DISCUSSION
Climate Conditions
Agriculture is one of the most weather-dependent industries, with its output being
influenced by it (Billé & Rogna, 2020). The weather condition is a vital consideration for
scheduling N fertilization. The average monthly temperature and precipitation for the three sites
in 2019 and 2020 are shown in Figures 3.1. and 3.2. August had the highest temperatures for
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both years, with average temperatures above 28°C (Figure 3.1.). The temperature ranges in both
years seemed similar (Figure 3.1.). June and July had similar temperatures as in August. In 2019,
the average temperatures of September and August were similar. However, in 2020 the average
temperature of September dropped almost 5°C. In terms of precipitation, October 2020 had the
highest rainfall at 25 cm (Figure 3.2.). April and May 2019 had similar average rainfall to
October 2020 at 25 cm (Figure 3.2.). Overall rainfall for 2020 had accumulated 173 cm
compared to 163 cm in 2019. However, the precipitation in 2019 negatively affected sugarcane
production because of the time of the highest rainfall events occurred during key field
operations. According to Gravois (2021) and Forestieri (2018), fertilization in Louisiana is
generally done during April and May, after sugarcane emerges from winter. In April and May of
2019, total precipitation of 50 cm was recorded. Due to several heavy rainfall events in April and
May, sugarcane operations like fertilization were delayed and affected.
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Figure 3.1. Average monthly temperature from January to December 2019 and 2020 at the Sugar
Research Station in St. Gabriel, LA.
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Figure 3.2. Average monthly precipitation from January to December 2019 and 2020 at the
Sugar Research Station in St. Gabriel, LA.
Monitoring Ammonium-N and Nitrate-N in the Soil through Time
The N forms in which plants absorb N are NH4+ and NO3- (von Wirén et al., 1997). Plants
will absorb N depending on its availability. Therefore, applying the right N source at the right N
rate is essential to enhancing N availability and improving plant NUE. Tables 3.4., 3.5., and 3.5.
show the analysis of variance for the effect of N source and N rate and their interactions on the
concentration of NH4+, NO3- in the soil and the N leaf content, respectively, over time. The soil
NH4+ concentration across the sites was only affected by the N rate (Table 3.4.). For Site 1, the N
rate only affected week 2, while Sites 2 and 3 showed a difference in soil NH4+ concentration for
weeks 2, 4, and 8. The soil NO3- concentration for Site 1 was only affected by the N rate in
weeks 2 and at harvest. For Site 2, the N rate affected soil NO3- for all the sampling dates.
However, by week 8, there was a significant N source and rate interaction effect on soil NO3(Table 3.5.). A similar result was observed at Site 3, but only at harvest. Only the N rate
significantly affected leaf N content for weeks 2, 4, and 8 for Site 1. For Site, leaf N response to
50

N rate was inconsistent between N sources at weeks 2 and 8. Only the N rate significantly
affected the leaf N content by week 4. For Site 3, the effect of the N rate was significant across
the sampling dates, with the difference mainly occurring between the check plots and the N rates
(45, 90, 135 kg N ha-1).
Table 3.4. Analysis of variance for the effect of N source and N rate and their interactions on the
NH4+ soil concentration over time for Sites 1, 2, and 3 at the Sugar Research Station in St.
Gabriel, LA.
Site/year

Effect
Source
Rate
Source x Rate

Week 2
NS¤
0.0027
NS

Week 4
NS
NS
NS

Week 8
NS
NS
NS

Harvest
NS
NS
NS

2
(2020)

Source
Rate
Source x Rate

NS
0.0003
NS

NS
0.0009
NS

NS
0.0022
NS

NS
NS
NS

3
(2020)

Source
Rate
Source x Rate

NS
0.0061
NS

NS
0.0002
NS

NS
0.0051
NS

NS
NS
NS

1
(2019)

NS indicates no significant differences at the p=0.05 level of significance.
Table 3.5. Analysis of variance for the effect of N source and N rate and their interactions on the
concentration of NO3- over time for Sites 1, 2, and 3 at the Sugar Research Station in St. Gabriel,
LA.
Site/year

Effect
Source
Rate
Source x Rate

Week 2
NS¤
0.0031
NS

2
(2020)

Source
Rate
Source x Rate

NS
0.0023
NS

NS
<0.0001
NS

0.0001
<0.0001
0.006

NS
0.0048
0.0323

3
(2020)

Source
Rate
Source x Rate

NS
0.0081
NS

NS
<0.0001
NS

NS
<0.0001
NS

NS
<0.0001
0.0017

1
(2019)

Week 4
NS
NS
NS

Week 8
NS
NS
NS

NS indicates no significant differences at the p=0.05 level of significance.
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Harvest
NS
0.0016
NS

Table 3.6. Analysis of variance for the effect of N source and N rate and their interactions on the
N leaf content over time for Sites 1, 2, and 3 at the Sugar Research Station in St. Gabriel, LA.
Site/year

Effect
Source
Rate
Source x Rate

Week 2
NS¤
0.0008
NS

Week 4
NS
0.0119
NS

Week 8
NS
<0.0001
NS

Harvest
NS
NS
NS

2
(2020)

Source
Rate
Source x Rate

0.0316
<0.0001
0.0056

NS
<0.0001
NS

0.0011
<0.0001
0.0078

NS
NS
NS

3
(2020)

Source
Rate
Source x Rate

NS
0.0012
NS

NS
<0.0001
NS

NS
<0.0001
NS

NS
0.035
NS

1
(2019)

NS indicates no significant differences at the p=0.05 level of significance.
In Figures 3.3. to 3.10., the concentrations of NH4+ and NO3- in mg kg-1 in the
first 30 cm of soil treated with different N sources and rates and measured over time are
shown. For Site 1 (Figure 3.3.), the evident separation of soil NH4+ occurred from weeks
2 to 8, with the Coated Urea 1-treated soil having higher amounts than the soil treated
with UAN and Coated Urea 2. After week 8, the soil NH4+ content was similar in Ntreated soil regardless of source (Figure 3.3.). The soil treated with 90 kg N ha-1 had
higher NH4+ across the sampling dates except at harvest, where soil treated with 135 kg
N ha-1 had higher concentrations than the rest of the N rates, including the check.
However, the difference was significant only at week 2 WAN (Figure 3.3.).
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Figure 3.3. Soil NH4+ concentration at 0-30 cm depth at 2, 4, 8, 16 weeks after N application and
at harvest in response to different N sources applied at varying rates, Site 1 at the Sugar
Research Station in St. Gabriel, LA, 2019.
Soil treated with Coated Urea 1 also showed a higher concentration of NO3- across the
sampling dates except at week 8, where Coated Urea 2 treated soil showed a higher
concentration (Figure 3.4.). The 135 kg N ha-1treatment showed a higher concentration of NO3for all weeks except for week 2, where the NO3- of soil treated with 90 kg N ha-1 started
increasing (Figure 3.4.).
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Figure 3.4. Soil NO3- concentration at 0-30 cm depth at 2,4, 8, 16 weeks after N application and
at harvest in response to different N sources applied at varying rates, Site 1 at the Sugar Research
Station in St. Gabriel, LA, 2019.
Sites 2 and 3 were established in 2020. Due to Hurricane Laura, only four sampling dates
(week 2, 4, 8, and harvest) were completed for these sites. The Coated Urea 2-treated soil had a
higher NH4+ concentration than the soil treated by the other N sources for the first two sampling
times (weeks 2 and 4). However, in week 8 and at harvest, the Coated Urea 1 treatment attained
a higher concentration of NH4+ (Figure 3.5.). Both coated urea fertilizers resulted in an evident
increase in soil NH4+. Regarding the rate, the plots that were fertilized with 135 kg N ha-1
recorded a higher concentration of NH4+ for all the sampling dates in Site 2, with 5 mg kg-1 more
than the rest of the N rate treatments (Figure 3.5.).
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Figure 3.5. Soil NH4+ concentration at 0-30 cm depth at 2, 4, 8, weeks after N application and at
harvest in response to different N sources applied at varying rates, Site 2 at the Sugar Research
Station in St. Gabriel, LA, 2020.
The NO3- concentration at Site 2 was similar for all the plots fertilized with Coated Urea
1, 2, and UAN for the first three sampling dates (weeks 2, 4, and 8). However, for harvest, the
concentration of the plots fertilized with Coated Urea 1 was 5 mg kg-1 higher than the rest of the
N sources, including UAN and the check plots (Figure 3.6.). The soil NO3- declined substantially
after week 4 with virtually the same values across the N source and the check plot (Figure 3.6.).
With 90 and 135 kg N ha-1, a peak level in NO3- occurred at week 4 (Figure 3.6.).
However, by week 8, the concentration of soil NO3- drastically declined, but notably, the 135 kg
N ha-1 treatment sustained a higher level of NO3- compared to the rest of the N rate and the check
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plot. Clearly, soil NH4+ and NO3- were impacted more by the N rate than the N source did, and a
drastic decline in the soil generally occurred during week 4 WAN (Figures 3.5 and 3.6).
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Figure 3.6. Soil NO3- concentration at 0-30 cm depth at 2,4, 8, weeks after N application and at
harvest in response to different N sources applied at varying rates, Site 2 at the Sugar Research
Station in St. Gabriel, LA, 2020.
The concentration of NH4+ peaked at week 2 in the plots fertilized with coated urea at
Site 3 (Figure 3.7.) with Coated Urea 1-treated soil recorded a higher concentration of NH4+
compared to the rest of N-treated and untreated soils. The effect of the N source became
undetectable starting at week 4, and at later sampling times, there were virtually no differences
observed between N-treated and the check plots. Unlike the N source, the N rate had a tailing
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effect till week 8, especially for soils treated with 135 kg N ha-1, the highest N rate. However, the
NH4+ of check and N-treated soils at harvest was the same (Figure 3.7.).
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Figure 3.7. Soil NH4+ concentration at 0-30 cm depth at 2, 4, 8, weeks after N application and at
harvest in response to different N sources applied at varying rates, Site 3 at the Sugar Research
Station in St. Gabriel, LA, 2020.
The soil NO3- levels at Site 3 largely differed among N sources at week 4 and from week
2 to week 8 among N rates (Figure 3.8.). The UAN-treated soil had maintained an elevated level
of NO3- in the soil compared to those treated with coated urea. Like other sites, soil NO3increased with N rate with tailing effect observable until week 8 especially with the 90 and 135
kg N ha-1 treatments.
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Figure 3.8. Soil NO3- concentration at 0-30 cm depth at 2, 4, 8, weeks after N application and at
harvest in response to different N sources applied at varying rates, Site 3 at the Sugar Research
Station in St. Gabriel, LA, 2019.
In general, Site 1 had lower soil NH4+ and NO3- concentrations than Site 2 and Site 3. The
concentrations of NH4+ for both Sites 2 and 3 were two times higher (Figure 3.5. and 3.7.) than
Site 1 (Figure 3.3.). The concentrations of NO3- for Sites 2 and 3 were almost 4 times greater
than Site 1, with the highest concentration at 20 and 25 mg kg 1, respectively (Figures 3.6. and
3.8.). The highest NO3- concertation recorded for Site 1 was 5 mg kg-1 across N source and rate
(Figure 3.4.). The only difference between the Sites is that Site 3 was in a location with heavytextured soil. Sites 1 and 2 were in the exact location but separated by year, i.e., 2019 and 2020.
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The soil at Site 1 was affected by the excessive moisture, a condition that did not occur at
Sites 2 and 3. The total precipitation recorded in 2020 was higher than in 2019. However, the
distribution throughout 2019 was less ideal than in 2020. In general, the concentration of NH4+
was considerably higher than NO3-. In weather conditions that lead to increased moisture, N
fertilizers as a form of NO3- have a higher loss potential than NH4+ form. Nitrate is very mobile
in the soil, and the high and frequent rainfall in light-textured soils with good drainage can
facilitate N loss via leaching. Site 1 was established on heavy textured soil with poor drainage.
This site received almost 50 cm of rain in two months, which could be the cause that led to a
reduction of the N applied by leaching and denitrification of NO3-. Site 2 was established in the
exact location of Site 1. However, the weather conditions in 2020 were more favorable than in
2019. Site 3 was in a different place and soil type. This site has light-textured soil with good
drainage. The results show that for Site 3, the UAN had a more significant impact on the
concentration of NO3- (Figure 3.8.). The data suggest that high moisture, temperature, and soil
texture may have influenced the soil’s NH4+ and NO3- levels. Billé & Rogna (2021) obtained
related results when they evaluated the effect of weather conditions on fertilizer applications in
various locations with different weather conditions, and the concentrations of NH4+ and NO3varied among those sites.
Factors like weather conditions and soil type can affect the nutrient uptake by plants by
decreasing the availability of nutrients. In 2019, considerable rain was recorded in April and
May, right around the fertilization period (Figure 3.2.). Fertilizers like the UAN solution provide
readily available N for plant uptake. They are very soluble and start releasing N once in contact
with the soil. On the other hand, frequent and high rainfall can facilitate a leaching or runoff
process that can surpass the N absorption rate by plant, eventually leading to N losses (Trenkel,
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2010). Like UAN, the coated urea products are also affected by certain weather conditions.
Several studies indicate that water temperature, pH, and ionic strength of the soil affect the
release rate of the coated-N sources. According to these studies, with increased moisture and
temperature, the polymer’s solubility and diffusion rate also increase (Ostrom, 2011; Lawrencia
et al., 2021). In this study, the excess moisture and elevated temperatures may have led to a loss
of N via leaching and volatilization of the N applied. Unlike UAN, coated urea had protection
from the polymer coating and performed better than the UAN, especially Coated Urea 1 in 2019.
For Site 1, Coated Urea 1-treated sugarcane had a higher % leaf N for weeks 2 and 8 than
the check and those treated with UAN and Coated Urea 2. However, by week 16, % leaf N of
Coated Urea 2 treatment turned out to be higher than the other N sources (Figure 3.9.). The
sugarcane leaf content treated with UAN peaked in week 4 (Figure 3.9.). At harvest, mean leaf N
content across the treatments (N sources and check) was similar at values under 0.5 %.
Concerning the N rate effect, sugarcane that received 45 kg N ha-1 had an evident increase in leaf
N content in week 8. This rate also had a similar impact on leaf N as the 90 kg N ha-1 at weeks 2,
4, and 16 (Figure 3.9.). The leaf N content for the 135 kg N ha-1 rate was similar to the check
plots by week 8 (Figure 3.9.).
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Figure 3.9. Leaf nitrogen content at 2, 4, 8, 16 weeks after N application and at harvest in
response to different N sources applied at varying rates, Site 1 at the Sugar Research Station in
St. Gabriel, LA, 2019.
For week 2, the leaf N content for the plots treated with UAN solution was higher than
coated N treated plots. The leaf N content of sugarcane treated with Coated Urea 1 was higher
than those treated with Coater Urea 2 (Figure 3.10.). There were two evident separations of leaf
N content for the N rate effect, i.e., those treated with N vs. the untreated sugarcane.
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Figure 3.10. Leaf nitrogen content at 2, 4, 8, 16 weeks after N application and at harvest in
response to different N sources applied at varying rates, Site 2 at the Sugar Research Station in
St. Gabriel, LA, 2020.
The application of UAN and Coater Urea 1 and 2 resulted in higher leaf N content for
Site 3, which peaked at weeks 4 and 8. The Coated Urea 1 treatment had the highest leaf N
content at week two, then dropped to a level similar to the check plots at weeks 4 and 8.
Generally, leaf N increased with increasing N rate except with the 135 kg N ha-1 treatment,
which recorded the lowest % leaf N content across sampling times.

62

2.4
Check
Coated Urea 1
Coated Urea 2
Coated Urea 3
UAN

2.2

Percetage (%)

2

1.8
1.6
1.4
1.2
Week 2

Week 4

Week 8

Harvest

2.4
2.2

0

Percetage (%)

45
2

90
135

1.8
1.6
1.4
1.2
Week 2

Week 4

Week 8

Harvest

Figure 3.11. Leaf nitrogen content percentage at 2, 4, 8, 16 weeks after N application and at
harvest in response to different N sources applied at varying rates, Site 3 at the Sugar Research
Station in St. Gabriel, LA, 2020.
The leaf N content of sugarcane at Site 1 was considerably lower than those at Sites 2 and
3. In 2019, the field received almost 50 cm of total rainfall in April and May, followed by
months of high temperature and moderate rain. All these factors may have led to N losses,
decreasing the N availability to sugarcane plants. According to von Wirén et al. (1997), the form
of N, amount, and accessibility affect the rate of uptake by the plant. The release rate of N from
coated sources depends on the weather conditions, specifically the moisture and temperature.
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Thus, the high humidity and temperature that the N sources were exposed to after fertilization
may have caused a higher release of the coated N sources and a faster loss of the rapidly
available fertilizers like UAN. Nitrogen uptake rate depends on the ability of the plant to capture
N from the soil. These factors that would affect this process are the soil type, environmental
conditions, plant species, stage of growth, and development (Asana, 1949; Masclaux-Daubresse
et al., 2010). All the requirements above affect the NUE. The sugarcane NUE is very low and
ranges between 20 and 40 % (Franco et al., 2010; Masclaux-Daubresse et al., 2010; Versini et
al., 2020).
Soil type highly influences nutrient dynamics. The NUE of plants is complicated, as it is
influenced by soil N availability and how plants utilize N throughout their development
(Masclaux-Daubresse et al., 2010). Sites 1 and 2 have heavy textured soil with poor drainage,
whereas Site 3 has a lighter soil texture with good drainage. For Sites 1 and 2, the N uptake %
for the coated urea treated plots was higher than Site 3. However, the leaf N content of the plots
treated with UAN solution was higher in Site 3 than in Site 1 and 2. This is similar to the study
by Meier & Thorburn (2016) and Ghafoor et al. (2021), where fertilizers (slow and controlled
release fertilizers) were applied to soils with low N availability like those found in the arid
regions and areas with high annual precipitation areas, recorded higher N leaf content than those
in soils which received rapid-release fertilizers.
Sugarcane NUE is based on absorption and utilization of N. The plant will utilize the N
available; therefore, keeping the N available for the plant for a more extended period can reduce
N loss and increase the NUE. With the constant change in climate conditions and the scarcity of
resources, it is necessary to find ways to retain and increase the availability of N for the plant.
The application of coated urea is a production technology that can increase the NUE in
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sugarcane by making N available for the plant for a longer time and reducing N loss, helping the
sugarcane industry and the environment (Anas et al., 2021).

3.4. CONCLUSION
Climate change brings in a new pattern of more frequent and intense weather events
every year. In agriculture, these changes create uncertainty about the agronomic activities and
plant growth. In April and May of 2019, the location received almost 50 cm of rain, which
interfered with the fertilization of sugarcane. The high amount of moisture can affect the
concentrations of soil inorganic N (NH4+ and NO3-), which decreases plants’ N uptake. Overall,
the concentrations of soil NO3- were lower than soil NH4+. Nitrate is a mobile nutrient and can be
lost easily through leaching and denitrification. The soil texture is another factor that affects the
NH4+ and NO3- concentration and their availability for the plant. Heavy textured soils can reduce
NH4+ and NO3- availability and concentration. The soil treated with coated N sources had a
higher concentration of soil N than in soil treated with UAN solution; this became more evident
in soils with heavy texture and poor drainage. Low NUE in sugarcane due to N loss can cause an
economic setback to the industry and increase environmental risks. The use of SRF, such as the
coated urea, can prolong the period by which sugarcane can acquire sufficient levels of N from
the soil.
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CHAPTER 4. CONCLUSIONS
Proper nitrogen (N) management is essential for sustainable sugarcane production.
Louisiana's most commonly used fertilizer for sugarcane production is urea-ammonium nitrate
(UAN, 32% N), a rapid-release fertilizer. Nitrogen use efficiency (NUE) for sugarcane ranges
between 20 and 40% worldwide. The use of slow and controlled-release fertilizer technologies
can help improve the availability and accessibility for plant uptake while maintaining cane yield
and sugar yield.
This study demonstrated that the N rate had a greater impact than N sources on cane
yield, sugar yield, and N uptake by stalks and leaves across the sites. The significant effect of the
N rate on N uptake was not consistent across the sites. The N rate effect on stalk N uptake was
observed only at Site 1 and only between the check plots and N-fertilized plots (45, 90, 135 kg N
ha-1). For Sites 1 and 2, this difference was only recorded between untreated checks and the 45,
90, 135 kg N ha-1 rates. For Site 3, a significant difference was shown between the untreated
check, the 45 kg N ha-1 rate, and the 90 and 135 kg N ha-1 rates. Overall, Site 3 attained a higher
cane and sugar yield than the other two sites. The difference in sugar achieved by Site 3 and 2
compared to Site 1 was over 4000 kg ha-1 and 2000 kg of sugar ha-1, respectively. Moreover, Site
3 recorded over 10 Mg ha-1 more cane than Sites 1 and 2. The difference in soil texture between
sites and the unusual weather conditions experienced in 2019, such as a high amount of rain in a
short period, partially influenced the outcome of this study.
Nitrogen is a very mobile nutrient in the soil and the plant. Soil texture plays a vital role
in the N transformations and availability due to the mobility of N within the soil and plant.
Moreover, soil texture determines water infiltration rate, root growth, and nutrient retention.
Weather conditions can also affect the N transformation processes and N availability for the
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plant, mostly leading to N losses through leaching, volatilization, and denitrification. For
example, Site 1 was established in 2019 on a heavy soil texture which recorded the lowest cane
yield, sugar yield, stalk N uptake, and leaf N content among the sites. This study showed that the
N rates that can maximize cane and sugar yield for Sites 1, 2, and 3 were 45, 45, and 90 kg N ha1

, respectively, using UAN as the source.
Weather conditions and soil texture can influence the impact of N sources and rates on

ammonium (NH4+) and nitrate (NO3-) content of the soil. Overall, NH4+ and NO3concentrations at Sites 2 and 3 were two and three times higher than at Site 1. The coated ureatreated plots at Sites 1 and 2 had higher soil NH4+ and NO3- content compared to UAN-treated
plots. Urea-ammonium nitrate is a rapid-release N source; therefore, if the conditions are not
favorable, the N loss percentage from this source will increase. The coated urea is covered with a
waterproof membrane. The coating prevents the exposure of urea to moisture. This slows down
the hydrolysis process and conversion of urea to N. No substrate (urea), no conversion. Having a
slower N release decreases the amount of N loss from the soil during an event of heavy rainfall.
However, soil NH4+ and NO3- concentrations for Site 3 were higher in plots treated with UAN
than in coated urea-treated plots. As expected, the application of higher N rates resulted in higher
soil NH4+ and NO3- across the sampling dates. At the later sampling date (week 8 or 16) and at
harvest, the mean soil NH4+ and NO3- across the N rates were remarkably similar.
Improving the NUE in sugarcane production can reduce the environmental risk
(associated with N) and the cost of fertilization while attaining a high cane and sugar yield. The
outcomes from this study demonstrated that applying that right N rate has a greater impact than
using the right N source. The successful use and the number of benefits gained from using slow-
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release fertilizer, such as coated urea, depend on weather conditions, soil types, and application
methods in a given crop production region.
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